Summary
The molecular and supermolecular structure and the physicomechanical properties of composite materials obtained by combined dispersion of linear polyethylene and disperse silicon, titanium, and molybdenum carbides on an eccentric vibratory mill were investigated. The correlation between the structure, hardness, softening point, and thermomechanical properties of the composite materials was established.
One of the most promising aspects of the mechanochemical treatment of thermoplastic materials containing additives of inorganic nature must be considered to be the modification of the structure and properties of the composite materials obtained. Such modification is most effective in the case of the rolling and vibrational milling of thermoplastic systems [1] .
In earlier studies [2] it was established that, during the vibrational grinding of a number of inorganic substances in the presence of certain monomers, their polymerisation occurs. Here, chemical grafting of macromolecules on the surface of disperse particles of the inorganic substrates takes place [2, 3] . Such interaction is possible owing to the formation of macroradicals during the mechanical degradation of components of the 'polymer-inorganic additive' system [4, 5] . Kargin et al. [6] showed that, during the combined dispersion of polyethylene with carbon black by vibrational milling, the copolymerisation of these components is possible, with the formation of a more elastic product in comparison with a mechanical mixture of polyethylene and carbon black.
Earlier [7] we showed that the introduction into a linear polyethylene melt of nanosized silicon, titanium, and molybdenum carbides was accompanied with a change in the molecular and crystal structure of the composites, which was reflected in a change in the thermomechanical properties and an increase in the hardness and softening point of the thermoplastic materials.
In this work an investigation was made of the effect of combined dispersion of linear polyethylene and disperse carbides on the structure (at different levels of its organisation) and physicomechanical properties of the obtained thermoplastic materials.
The investigation was conducted on powder highdensity polyethylene (PE) (viscosity-average molecular weight 9.5 × 10 4 , degree of crystallinity 54%). Disperse silicon, titanium, and molybdenum carbides (particle size 3-10 µm, specific surface <20 m 2 /g) were used as the additives. For comparison, use was also made of nanosized silicon carbide, which most effectively influences the structure and properties of linear polyethylene [7] .
The combined dispersion of PE and all the indicated carbides was carried out on a laboratory eccentric vibratory mill [8] at room temperature by a procedure similar to that set out by Plate et al. [2] and Kargin et al. [6] . The carbide additions to the PE amounted to 0.2-7.0 vol%.
From composites obtained by combined dispersion and homogenisation of polymer melt with carbide additions on a Brabender plastograph (40 min at 453 K), specimens of 1 ± 0.05 mm and 3 ± 0.1 mm Plasticheskie Massy, No. 5-6, 2015, pp. 3-6 The effect of combined dispersion of polyethylene and carbides on the structure and physicomechanical properties of composite materials thickness were manufactured by compression moulding (pressure 35 MPa at a temperature of 443 K for 20 min). A polymer not containing carbide additions was treated by a similar regime. The content of gel fraction (crosslinked macromolecules) and the amount of graft polymer on the carbide particles were determined by extraction of unbound PE macromolecules and free particles of carbides with boiling toluene to constant weight of the residue, just as in Gordienko et al. [7] . X-ray diffraction analysis of the crystal structure of PE specimens (degree of crystallinity and crystallite fold height) was carried out on a DRON-3 diffractometer.
Thermomechanical analysis (TMA) of the materials was conducted by the Kargin-Sogolova method [9] with a heating rate of 1 K/min and a periodic load of 0.5 MPa for 10 s. The temperature dependence of the compressive strain of specimens was investigated on a thermomechanograph similar to that described by Regeta et al. [10] . From the thermomechanical curves an assessment was made of the temperature of the start of high-elastic strain and its magnitude [9] . The determined physicomechanical properties of the composites of PE with carbides included their Brinell hardness (GOST 4870-91) and Vicat softening point under a load of 1 kg on an indentor of 1 mm 2 area with a heating rate of 2 K/min [11] . For calculation of the physicomechanical characteristics of the PE composites, the values of seven parallel specimens were used.
The effect of additions of disperse carbides on the molecular structure of PE can be established from the amount of graft polymer on the particles of the additives and from the content of gel fraction in composites not subjected to and subjected to combined dispersion of the components, just as these parameters were determined by Gordienko et al. [7] for 'PE-nanosized carbide' systems. For PE composites containing initial disperse carbides (SiC-d, TiC-d, MoC-d) not subjected to combined dispersion with the polymer, the number of graft PE macromolecules and the content of gel fraction are very low (2-5%). At the same time, after combined dispersion of PE and initial disperse Si, Ti, and Mo carbides, the effective grafting of polymer macromolecules to the surface of carbide particles and the formation of a threedimensional network responsible for gel fraction in the composite materials are observed ( Table 1) .
After burning off of the gel fraction at a temperature of 873 K, it was established that the amount of graft polymer grows with increase in the concentration of nanosized carbides, reaching 33-36%, depending on their nature, with a 7% content of additives. A similar trend is observed for the content of gel fraction of PE in these composites. Here, the content of gel fraction of PE in all cases is lower than the amount of graft polymer on the carbide particles, and the effectiveness of these processes tends to decrease in the order SiC-
The maximum values of graft polymer and gel fraction (P = 35%, G = 31%) are observed for PE containing 7% dispersed SiC-d. Such values of graft polymer and gel fraction content are not achieved even when the same amount of nanosized silicon carbide is introduced into PE [7] . Furthermore, the combined dispersion of PE with nanosized silicon carbide (SiC-n) also has lower values of P and G in the additive concentration range 0.5-7.0% in comparison with these parameters of composites after combined dispersion of 'PE-disperse SiC-d' systems. Such changes in the molecular structure of PE composites containing carbides in the process of combined dispersion of the components may be due to the formation of finer (up to nanosized) carbide particles possessing a freshly formed surface. It seems that during the vibrational milling of PE with carbides above the glass transition temperature and below the melting temperature of the polymer, chemical grafting of macromolecules on the fresh surface of the carbide particles occurs. This effect can be enhanced in the process of subsequent thermomechanical action in the PE melt, with the formation of a three-dimensional network of the polymer that includes chemically grafted carbide particles [7] .
In one of the earlier studies [12] it was supposed that the crystallisation of linear PE may begin with macromolecules chemically bound to the surface of solid disperse particles, in particular titanium dioxide. In other studies [7, 13, 14] , this supposition was demonstrated with the crystallisation of linear PE with nanosized Table 1 . The influence of the concentration of additions (ϕ) of Si, Ti, and Mo carbides on the amount of graft polymer (P) and the content of gel fraction (G) in composites after combined dispersion of the components particles of carbides and silicon dioxide. In this work, the effect of combined dispersion of the polymer and carbides on the parameters of the crystal structure of PE is given in Table 2 . It can be seen that the combined dispersion of PE containing SiC-n has little effect on the parameters of the crystal structure of the polymer. In both cases, for 'PE-SiC-n' systems, the degree of crystallinity and the crystallite fold height of the polymer increase their values in the region of carbide additive concentrations of 0.5-1.0% most effectively, and with increase in the SiC-n content to 7% the indicated parameters decrease slightly without returning to the values of the initial polymer. In practice, SiC-n in dispersed form with PE and in non-dispersed form acts as a structurally active filler [15] . The initial disperse Si, Ti, and Mo carbides are not such fillers ( Table 2) .
At the same time, during the crystallisation of the polymer in the presence of silicon, titanium, and molybdenum carbide additives dispersed with the PE, there is a simultaneous increase in the degree of crystallinity of the polymer and in its crystallite fold height. The most effective increase in the parameters of the crystal structure of PE is observed with a content of carbide additives in the polymer of 1.0%. Increase in the content of carbides reduces the effect these particles have on the crystal structure of PE. In terms of their effect on the crystal structure of polyethylene, carbides dispersed with the polymer can be placed in the order SiC-d > TiC-d > MoC-d, which correlates with the degree of grafting of PE macromolecules on the surface of the additive particles and the content of gel fraction of the polymer (cf . Tables 1 and 2) . Thus, the maximum increase in the degree of crystallinity (14%) and in the crystallite fold height (4.5 nm) occurs in PE specimens containing 1.0% dispersed SiC-d. It seems that carbide particles act as initiators of the crystallisation of PE only in the case of the chemical grafting of macromolecules on the surface of the additive particles. The crystallisation initiators promote the formation of a more thermodynamically equilibrium and ideal crystal structure of the polymer. It must also be taken into account that the dispersed carbide particles may be commensurate with the PE crystallite fold height. This should have a significant effect on the kinetics and thermodynamics of crystallisation of the polymer and its supermolecular structure. Increase in the content of gel fraction (crosslinked macromolecules) localised in amorphous regions of the PE should inhibit the crystallisation of the thermoplastic material, and this is observed when the carbide concentration in the polymer is increased (Tables 1 and 2 ). Comparing Table 2 and the results given in Table 3 of Gordienko et al. [7] , it can be seen that Si, Ti, and Mo carbides dispersed with PE are as effective in modifying the crystal structure of the polymer as nanosized particles of the same carbides.
An important characteristic of thermoplastic materials is the magnitude of their strain under low compressive loads, which is determined in a wide temperature range [9] . Figure 1 shows this dependence in the temperature range 370-490 K. It can be seen that strain of the initial PE begins to appear at 373 K and reaches 95% at 403 K.
The introduction of carbide additives lowers the values of the start of strain of the PE to a temperature of 395 K, then converting the polymer to the high-elastic (rubbery) state. The presence in carbide-containing PE of a three-dimensional network (gel fraction) and graft macromolecules on the surface of the highly disperse particles ( Table 1 ) leads to the polymer exhibiting high elasticity beyond a temperature of 415 K (Figure 1) . The values of the high-elastic strain of the PE in the temperature range 415-490 K are different, depending on the nature of the carbides introduced. The greatest high-elastic strain (21-25%) is possessed by the polymer containing 7% MoC-d, and the lowest (10-15%) by the PE containing 7% SiC-d. The polymer with 7% TiC-d occupies an intermediate position (15-19%) . From a comparison of the results of thermomechanical analysis of systems of PE and carbides (nanosized and dispersed together with the polymer) in Figure 1 and in Gordienko et al. [7] , it can be seen that combined dispersion of the polymer with additives is more effective. Comparing the data in Table 1 and Fig. 1 , it is also possible to assert that the results of thermomechanical analysis and the changes in the molecular structure of thermoplastic systems of polyethylene and highly disperse carbides are in good agreement with each other. Changes in the molecular structure of the polymer composites clearly affect the thermomechanical properties of these materials.
The changes in the molecular and crystal structure of the PE that occurred during combined dispersion of the polymer with carbides were also reflected by a change in the hardness and softening point of the thermoplastic materials ( Figure 2) . The hardness of the thermoplastic materials increases sharply with a carbide content of up to 1.0%, in particular for SiC -by 26-28 MPa, which is due to the higher parameters of the crystal structure of PE ( Table 2) . Further increase in the carbide content in the polymer to 7% increases the hardness of the thermoplastic materials less significantly -by 7-8 MPa, despite a certain reduction in the parameters of the crystal structure of the PE ( Table 2 ). This effect is most likely due to the fact that, with increase in the carbide content in the polymer, the increase in hardness of the composite materials is influenced by the presence of crosslinked macromolecules chemically grafted on the surface of highly disperse particles which are concentrated mainly in amorphous areas of the crystallising thermoplastic. This contribution to the increase in hardness of the thermoplastic materials is more significant than the slight reduction in crystal structure parameters of the PE, as it is connected with the reinforcing effect of amorphous regions of the crystallising polymers [15] .
The change in the softening point of the thermoplastic materials as a function of the content of carbides is similar in nature to the change in hardness of these materials (Figure 2) . Silicon carbide affects the increase in softening point of the PE most effectively: the introduction of 1.0% SiC increases the softening point by 19-23 K, but in the range 1.0-7.0% only by 12 K. The increase in softening point of linear polyethylene when the investigated highly disperse carbides are introduced largely correlates with the change in molecular and crystal structure of the polymer.
From the above data it follows that the combined dispersion of PE and silicon, titanium, and molybdenum carbides makes it possible to change the molecular and crystal structure of a typical thermoplastic polymer in the direction necessary for an increase in the physicomechanical characteristics of the composite materials. The maximum increase in hardness (by 33 MPa) and in softening point (by 31 K) are observed when 7% SiC-d is introduced into the polymer. The primary factor determining increase in the hardness and softening point of the thermoplastic composites is the formation of chemical bonds between the components of the system of polymer macromolecules and highly disperse carbides. Such bonds arise under mechanochemical action during the vibrational milling of carbide additives with PE and their introduction into the polymer melt. In this connection, the crystallisation of chemically grafted macromolecules is initiated at a higher temperature than in the initial PE and ends with the formation of a more ideal crystal structure of the polymer. Here, intermolecular crosslinks and a threedimensional network are formed in the polyethylene. Such transformations in the structure of the crystallising thermoplastic are accompanied with an increase in the hardness and softening point of the composite material. A detailed comparative analysis of this work and the earlier published work of Gordienko et al. [7] indicates that the production of composite materials based on thermoplastics by combined dispersion of the components is preferable to the direct introduction into the polymer melt of nanosized additives of inorganic nature.
ConCluSionS
The results of this work should be used when producing polymer composites based on crystallising thermoplastics to increase their physicomechanical characteristics. It can be assumed that the most effective change in the structure of thermoplastic materials with the combined dispersion of the components will be the formation of 'monolithic composites' based on the formation of peculiar 'mineral organic copolymers' [1] . Such materials should have unique properties. rEFErEnCES
